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REMARKS 

Claims 1-9 are pending in the instant application. Claims 
7-9 have been withdrawn from ' consideration by the Examiner and 

* 

.subsequently canceled without prejudice by Applicants in this 
amendment. Claims 1-6 have been- rejected. Reconsideration is 
respectfully requested in light of the following remarks. 

I. Finality of Restriction Requirement 

The Examiner has made final the Restriction Requirement 
mailed March 26, 2003, agreeing however, to include Groups I and 
II in the instant application. Thus, in' an earnest effort to 
advance the prosecution of this case, Applicants have canceled 
claims 7-9 without prejudice. In light of the finality of this 
Restriction Requirement, Applicants reserve the right to file a 
divisional application to the canceled subject matter. 

II. Objection to Title 

- The Examiner has objected to the title suggesting that it is 
not descriptive of the invention to which the claims are 
directed. Thus, in an earnest effort to ' advance the prosecution 
of this case, Applicants, have amended the title to be descriptive 
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of the subject matter of the pending claims. Withdrawal of this 
objection -is therefore respectfully requested. ■ . -* . 

i 

III. Rejection of Claims 1-6 under 35 U.S. C. § 103(a) 

Claims 1-6 have been rejected under 35 U.S.C. § 103(a). as 
being unpatentable over Anderson (U.S. Patent 5,994,104) in view 
of Ruoslahti et al. (U.S. Patent 6> 180, 084) . The Examiner 
suggests that it would have been obvious to one of ordinary skill 
in the art, at the time the invention was made to operably link 
interleukin-12 disclosed in Anderson et al. to a RGD-containing 
peptide protein described by Ruoslahti et al. to produce a fusion 
protein conjugate capable of binding to av-integrin receptors on 
the surface of tumor blood vessels sufficient to destroy the 
blood vessels and cause tumor necrosis because Anderson et al. 
teaches that a rIL-12 has potent anti-tumor effects and Ruoslahti 
et al', teach that chemotherapeutic agents linked to a tumor 
homing molecule are more efficacious than administration of the 
agent alone, in treating a tumor. 

Applicants respectfully traverse this rejection. 
■ MPEP.' § 2143 states that to establish a prima facie case of 
obviousness, three basic criteria must be. met. First, there must 
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be some suggestion or motivation, either in the references 
themselves or in the knowledge generally available to one of 
ordinary skill in the art to modify the reference or combine the 
reference teachings. Second, there must be a reasonable 
expectation of success. Finally, the prior art references when 
combined must teach or suggest all the claim limitations. The 
cited combination does not meet these criteria. 

As acknowledged by the Examiner, Anderson et al. does not 
teach interleukin-12 operably linked to a RGD-containing peptide 
that can be targeted to tumor cells. In fact, the fusion protein 
to which Anderson et al v refers is the fusion -of two IL-12 
subunits, not fusion of IL-12 to a different protein or peptide. 
Further, while there are . teachings in Anderson et al. of 
coexpressing their IL-12 fusion protein with B7, there is no 

4 , 

teaching or - suggestion of creating a fusion -protein of the- IL-12 
subunits and B7 . Accordingly, this reference provides.no 
motivation or suggestion to fuse an RGD-containing peptide to 
interleukin-12 . 

Ruoslahti et al. fails to remedy the deficiencies in the 
teachings of Anderson et al. since this reference also fails to 
provide any specific teaching or suggestion of fusion of IL-12 to 
a RGD-containing peptide. 
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\ Thus, there is no suggestion or motivation .in the references 
themselves to combine their teachings. 

Further, prior art teachings such as by Lieschke et al . 
(Nature Biotechnology 1997 15 : 35-4.0) , a copy of which is provided 
herewith, show that activity, of IL-12 is decreased in fusion 
proteins. Accordingly, the knowledge generally available "to one 
of ordinary skill in the art teaches away from modifying these 
references or combining, their teachings to produce a fusion ■ 
protein of IL-12 and a RGD-containing peptide. 

Further, neither the cited 'references nor what is known in 
the prior art. (see e.g. Lieschke et al.) provide any . reasonable 
expectation of success that a fusion protein of IL-12 operably 
linked to a RGD-containing peptide will maintain IL-12 anti-tumor 
activity or anti-angiogenic activity. 

In addition, it has recently been demonstrated in references 
such as Reynolds et al. (Nature ; Medicine 2002 8:27-34), a copy of 
which is provided herewith, that av(33 and av(35 integrins are 
negative regulators of angiogenesis and that drugs targeting 
these receptors may act as agonists of angiogenesis as opposed to 
antagonists. Thus, if av(33 and av(35 block angiogenesis, binding 
of RGD would .be expected to remove the negative regulation of : ' 
av(33 and av(35, thereby increasing vessel growth. Accordingly, 
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based upon information available to one skilled in the art, one 
would reasonably expect the IL-12vp fusion protein of the present 
invention to exhibit decreased anti-tumor activity as compared to 
IL-12. and either stimulate angiogenesis through the RGD moiety or 
to see little change when compared to IL-12 treated mice or cells 
since the RGD angiogenic activity would be expected to negate the 
IL-12 anti-angiogenic activity, at least to some extent. Thus, 
the demonstrated ability of the fusion protein of the present 
invention to inhibit angiogenesis and tumor growth is completely 
unexpected. 

Thus, since the cited combination of prior art references 
and what is generally known in the prior art provide no 
suggestion or motivation to combine the reference teachings and 
the cited prior art teachings provide no reasonable expectation 
of success with respect to the instant claimed invention, the 
cited combination of prior art cannot render obvious the instant 
claimed invention. 

Withdrawal of ■ this rejection of claims 1-6 under 35 U.S'.C. § 
103(a) is therefore respectfully requested. 
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IV. Conclusion 

Applicants believe that the foregoing comprises a full and 

complete response to the Office Action of record. Accordingly, 
favorable reconsideration and subsequent allowance of the 



pending claims is earnestly solicited 



Respectfully submitted, 



Katjhleen A. Tyrrell 
Registration Vo . 38,-55-0 




Date: November 12. 2003 
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Bioactive murine and human 
interleukin- ~ ~ ~ 

in vivo 

Graham J, Lieschke' \ Prakash K. Rao-, Magrlce K. Qateiy, and Richard C. Mulligan' 

■Whitehead instintK for Biamettkul R&ennh, 9 Cambritke Vsnur Cimhruh,- w t /juJv -n 

.Lawr Center, Box3: t 1275 YwkAwmiNw York NY 100^1 'P^7./,i 1 'h! T/^ - -"-^'"^'W &neritte 

_ RuL-cjvcd y Seprcrnbtfr J 996"; accepted 26.Nover»ber 1996 

r«tIi! flr,eUk !T'J 2 "u" 1 ^ 1 ta unique Hmor »9 Qt cytokines In being a disulflde-hnked heterodlmer of two a a Da 

• SSSSSffi Pf* We fiXprea6 ° ri oh.ln IMS proteins"^ 

n/tho oo , the submits were linked by a 6-15 amino acfd polypeptide linker, with' deletion 

of the 22 amino acd leader sequence of the trailing eubunlt. The murine fusion priSSX^™ 

IMS ^ hIk° 9 Tt arwf recombi " a "t W2. Western blotting confirmed thet murine 

uJt 9 ^ ? « a ned the linkfna polypeptide sequences, The analogous human IL-12 p40 L 1ZI 

recombinant human ina. In a preeMlsting CMfi-5 tumdr model, CMS-5 celU secretins eithe Native or 
fusion protein forms of | W 2 prolonged survival an d lad to complete tumor regrS 

. . KLTwordsj in wltukn, cytokine, fusion prnrein, retfnvifus. tumor i mm Urtu therapy 



Inrerleukin-lUlL-^jJaugmcnrs mate and cellular immunity 
ir ^.iny ways^o^cnjftlly .advantageous for the- treatment' of 
k -iytJOtia and malignant di-se^e'. Preclinical studies Imvc evalu^ 
jiitfd ihe effects of systemic admwsiratloii of recombinant IL-12 
Hetcrodimei* 1 ^ and initini clinical- trials are jn progress 3 , Alternative 
approaches have reijed on genetic strategies for IL-12 production, 
M>ing retroviral, ndenoviral. and direct PNA gene tMndler tech- 
nDlogiea. J-'or example, fibroblasts and tumor cellMransduccd to 
secrete IL-12 have been .shown to-pc highly effective therapies for 
pre^stjng tumors in several- murine models'* and clinical studies 
"r chesc-genencally-Luidd approach^ have commenced*. However, 
" ' h«terndimeric structure of fL-U substantially complicates' 
• ...nsmictinn- 0 f vectors lor fL- 12 production; because the 
-^Jroision ofbioaciivt IL- 1 2 requires expression of | wo'separate 
S^s and correct heterodimer assembly. ThU has previously 
Mn.nchieved m various way*: { | } cocruns faction of two plasmids 

^hH .i e i PreSiinB dqch * Ubimir geneBl (2) * sin 8 [e P |iliimid 
h l ~ 12 P 35 anU P 40 expression cassettes in tandem array\ f3) 

■ ^trovi ruses containing internal ribtisome enrry sjte (IRES) 
> fences for the expj^ssion of both subunits from single p 0 | y - ■ 
^rom transcripts-'-^ or M) by. recombinant adenoviral vector 

clu- -SLibunir cDNAs separately inserted into earlv reginn \ 

md.E3 respectively", \ 

muri " ? f °^ r ^ on thti ^r rL,fisirt n of a bioactive single chain 
nefL-(2f u , lon prtM , jn nt- 1 2.p40.J„Ap35). wirh'h igh specific 
itv n r b ; tiact,v,t >' ^ rcrafned (he poient antitumor acciv- 
h4 1 . AV' im ff '-'-'P 4,) -L^p33 comprised the p^O subunit 
^4 by a (i, y.Serh linker to the p35 i M l)unit from which the first 

^nino auids were deleted. The analogous human IL-12 fu.sion 

rein * U(i rained lii^h.in viiro bitniciivity. 
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Results 

Egression of bioactive murine IL-12 fusion proteins. A series of 
constructs were built in the SFG retroviral vector^for the expres- 
sion of native murine IL-12 and IL-12 fusion proteins (Fig. ia). 
SFG retroviral vectors containing either the IL-12 p35 or p40 
cDMA (pSFC.IL-l2.p35 and'pSFG.IL*l2.p40). were built for 
cotransfection m coin lection studies. For the expression of native 
IL-12 from a single retroviral vector, diciatronic SFG vecrors were 
built with an internal ribosome en try .site (IRES) sequence between 
■ the JL-|.'2.p35 and p40 cDNas lp5FG.IL- ) 2.p35,[RES.p40 and 
pSFG.IL-12.-p'10.lRES.p35j. For the expression of IL-12 fusion 
proteiosj SFG vectors were built with the TL- 12 p35 and p-10 
CDN^AS linked in both orders, and with die presumed 22 amino 
acid secretory leader sequence deleted from the trailing C DNA 
(t3SFG.IJ.- l2.p35,L.Ap4Q and pSFG.IL-l2.p40.L.^p35).The'cDNAs 
were linked with a 45 buse pair linker encoding the '15 amino add 
/GJy.SerJj linker of Huston ct ;il. '' The sequences encoding the 
linkers as sucess fully cloned are shown in Figure 13, 
. Constructs were compared for their ability to direct bioactive 
IL-12 expression in a side-by-^ide screening. experiment CMSo 
tumor cells were infected with rein; viruses generated by transfec- 
tron of QOSC producer cells and medium conditioned by infected 
cells assayed tor bioactive and iminunoredcnVe IL-/2 (Tahlu l), To 
-standardize for possible differences in transaction and infection 
efficiency within. rhU screening experiment, the di me i monies 
deduced parameter rt'//irnv specific naivity t uuo of ng/ml deter- 
■mined hy bioaway and immunoassay) was calculated. This p^ra- 
merer statxlardi^es the hknictmiv to the amount of expired 
protein, asMiminy equiv:ilent inimunnrcaaiviLv uf j|| forms nf 
IL-12 in the IL-12 p7i3I;fJSA. 
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Table 1. Transient expression of murine IMS retroviral constructs'. 



I 

f 

T. 



Construct 



pSFG 
pMf=G'-iac2 
pSFG.IL-12.p35 
pSFG.IM2.p40 

pSFG.|Ll2.p3S and pSFG.IL-12.p40 
(cotransfaciion) 

pSFG.|Ll2.p35 and pSFG.IL-12.p4Q 

(sequential intectlop) 

pSFCUL-12.p35.IRES.p4a 

pSFG.|L-l2.p4Q.|RES.p35 

pSFG.|L-12.p35X.^p4Q 

pSFG.lL-12.p4Q.L,^p35 



Proviral copy number 
I n Infected calls 8 

ND 
ND 

(NO ' 

0.1 

Q.3 

Q.VQ.V 
0.3/0-3' 

<rO.V 

0.4' 
0.2' 



in conditioned medium (nfl/ml) B 

IL-12 p40 EUlSA 



Biaaesay 


IL-12 p75 ELIaA 


<0.1 


ND 


<0.1 


ND 


<0.1 


■ ND. 1 


<0.1 ' 


ND 


<0.1 


<0.25 


21.Q 


15.G 


362 


2Q3 


5.3 


4.3* 


2.7 


23 


0.9 


66.9 


43Q 


204 



Relative specific 
activity" 



<G.1 

<0.1 
. <Q.1 

<0.1 
192 

52.5 

205 

2,5 
11.5 
23.6 
93.9 




1.7B 
1-38 

1.23 
1.17 
0.01 
2.14 



ND=not determined. Contract deelQnarlons aa daflnad. in Figure 1 . 'Constructs were screened stfe-py-alde in one experiment. For full methodological deia 13 
gaa Experimental protocol. °24 h. conditioned media were coveted starting on day 3 after 96edlnQ 5x10" CMS-ti cel|aV6 cm tlssuB culture d|sfV5 ml. For full 
mernodolQfllcQl details eee Experimental prolog. 'Relative to a plasmid cc-py number control Of 13.5 pa, of pSFG.IL-l2.p3S.Lp40, equimolar to 1 copy/genome 
loqcjaa: per lene. "Petjo af bioHctlveiimmunareactive IL-12 cpneentretione in ng/ml (deiurmlned by captura bloaaaay and IL-I2p75 ELISAJ. i.e.. a dlmBnslonlass ; 
value Independent of transaction or Int^lon efficiency. Comparisons oetwoon these values assume equivalent |rnmu,noreactivity for the difforont farms or IL-12. J 
•Copy number given -separately for p36/p40 retrovlrueea. 'Moan of results from Southern bloie probed with IL-i2.p35 and then IL.-12.p4D cDNA probea. 
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Figure 1. constructs for the expression of native murine IL-12 and 
11-12 fusion proteins. (A) Schematic diagram of retroviral vectors. 
SD, splice donor SA, splice acceptor; LTfl, long terminal repeat; 
IRES, Internal rlbosome entry site; L» linker. {&) Sequences of 
linkers In murine (m) and human (h) IL-12 fualon protein cDNAs, (I) 
mlL-12.p35.LAp40; (li) mlL^12.p40.UAp35; (jjl) h|M2.p4Q.UAp35. 



Uninfdccdd CMS-5 cells and cells infected with control vectors 
or vectors directing the expression of single It- 1 2 subunits did not 
resu I c in production ofbioiictive (t-l-- Bjoactjve native \L-\2 pro- 
duction refilled from infccljnn uf Ut r^-r cells with mixed retrovirus 
popuhitionji resulting from the cotransfcetion of pmcluccr BOSC 
cells with pSFG.lL-l2.p35 and pSFG.IL- I2.p«l0 plasmidd, or from 
the .sequential infection of target cells with these retroviruses, and 
from infection of eel U with hoih IRES-containing retrovirus. The 
rclaiivc specific ucrivity Dl'thf narivc hcicrodimerjc IL.-(2 resulting 
from these retroviruses was in the range 1.17-l.7o\ Comparison of 
the res>rliij of the 'ELlSAs specific for either the p75 IL-12 het- 
crodimer or the p-10 subunit ( both free and hetcrodimeric) sug- 
gested chut the pSbTi.ll.-12.p4fl.IKKS.p35 vector directed tin* 
cxprossinn nf excess p.|0 suhunif (Tnble I J. Since excess p-10 suh- 
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units have porentinl to form homodimers that, antagoni^ 
H_-I2 ,n - ,B , the pSFG.IL-12. p35. IRES. p-i0 vector wn±> selected fo 
subsequent studies. 

The constructs directing expression of linked IL-12 subunv 
cDKAs resulted in bioactive IL-12 fusion protein productio 
(Table I). Alihough significant levels of immunoreactive fusio 
proiein were detected resulting from pSFGJL-12.p35.l..p^40, 
was of low relative specific activity (0.01). The pSFG.IL 
12.p40.L.Ap35 vector appeared superior in every regard: An ave 
age number of proviraj integrants (0.2 copics/gcnomc) results 
. in expression of high levels of a protein of hifih relative specif] 
activity (2,14). In a separate determination, the bioaenvity of ih 
fusion protein produced by r^rrnvi rally transduced 3T3 cells w 
2.5X 10 H U/nig» similar to that of Chinese hamster ovary (CHO 
cell-expressed recombinant heterodimeric mIL-12'* (specifi 
activity 2.3-2.5x10" U/mgi data not shown), although this cDrrj 
parison assumes equivalent immunoreactivity of the two IL-1 
forms in the KLISA used for protein quantitation. Thus the ve 
tor-directing expression of the TT-- 1 2.p40.L.Ap35 fusion protci 
was selected for subsequent studies. 

Western blot analysis confirmed that pSFG.IL- l2.p4U.L.iip3 
directed the expression of an IL-12 fusion protein that did not rel 
on disulfide bonds for its integrity (Fig. 2). Recombinant mil- 1 
and native IL-12 synthesized from p5FG.tL-12.p35.IKE5.p40 r 
as a 70-flO kDa doublet under non-reducing conditions, and soq" 
free p40 subunit was present in both these preparations. Th' 
IL-12.p40,L.c\p35 fusion protein was expressed as a doublet t 
slighLly higher molecular weighi than the native form (Fig. 2A 
Whereas recombinant and native IL-12 dissociated under reducin 
conditions, the IL-12. p40.L.Ap35 polypeptide remained inta 
(Fig. 2B)» demonstrating that this protein did not rely on disul^ 
bonds for the integrity of its polypeptide sequence, and that rh 
linking peptide sequences hud n"r been excised during positrnns 
Lnionat processing of the fusion protein. 

Expression of a bioactive human IL-12 fusion protein, 
aivalugcius human lorn* »f the H-l 2.p40.I..Ap3S fusion proici 
was also found to be bioactive with high specific activity. Th 
full sequence of Huston et al." encoding the (Gly.Ser), linker wa 
found to he unMahle in precursor constructs with numerorf 
varied deletions identified in the linker sequences of recombinafl 
plasmids, but a stable deletion mutant encoding an infram] 
Gjy.Ser linker was recovered (linker sequence given in big. 10 
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Figure 2, Western blot analysis of recombinant heterodlmerlo and 
fusion protein forms of murine IL-12 under non-reducing |A) and 
r ' :!ng (B) conditions. CM, condltlonad medium; rm recombl- 
r. .wine IU-12; fl-ME. 0-mercaptoetheno|. park arrow, p?fi IU-12; 
Qfj-/ arrow, p4Q aubunlt Contruct designations are defined In Figure 
1, and Indicate the retroviruses uaed to Infect cells for the preparation 
of native and fusion protein lL-12-conralnlng conditioned media. 
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(designated pSFG.MM2.p40,LAp35). 3T3 cells were infected 
with SFG.ML-i2,p4Q.L_Vp35 retrovirus expressed transiently 
iVom rransfected 0OSC producer cells and Conditioned medium 
t. 'Vaed and assayed tor bioactivc and imrnunoreactive human 
1 -. m'ouctive hIL-I- was produced wiuh a specific activity of 
) -.' a 10" U/mg (mean of two d^ntiinarions in parallel), com- 
pared to 1, 2-2.0 x 10" U/mg for CHO cell- expressed recombinani 
hlL-lI^ (data not shown)* although again* this comparison assumes 
equivalent immunoreactivity of the two IL-12 forraa in the ELlSA 
used for protein -quantitation. 

In vivo antitumor activity of murine IL-12 fusion protein. 
It- 1 Impressing tumor cells have been reported to be effective 
therapy for preexisting rumors in several transplantable murine 
: ':mor models'. .Hence we evaluated the relative in viva anticancer 
. • uf tumor cells transduced' to express cither native 
■. SFaiL-12.p35.TRES.pJ0) or the IL-12 fusion protein (with 
>iulM2,p40.L.Ap35), 

1 Stable retrovirus producer clones were generated by trans- 
ition uf pSPG.lL-i2.p35JRES,p10and pSFG.IW2.p40.LAp35 
constructs into »|(-CR£ and i|j-CIUP producer cells. Stable producer 
.clones selected for their efficient transduction of 3T3 cells for 
IL-12 production were used to inl'eet tumor cell populations 
•n vitro. IL-12 secretion by tumor cell populations was measured 
bio. isbay of condi tinned media from irradiated tra n so 1 net: cl cells 
'•■ 2). Infection of GMS-5 fibrosarcoma cells, with i|j-C|IE- 
vt eencropic retrovirus resulted in secretion of high levels nf 
^ and fusion protein IL-12. i|/-ClUP-derived amphuirupic 
^'froviru.s was necessary t" achieve comparable levels of [I. -12 
V=cretion hy melanoma cells. (Assay of conditioned media 
troni l 0'' nun-irradiated cells documented equivalent or higher 
'c^'els of f| r |2 production.) Transected unselected tumor cell 
P {1 P'iUcions maintained equivalent levels of native or fusion 
prou-in ff,-|I production during 6 weeks of proportion in vitro, 
' nc lic.niiiy rhm here was no signiflcanl negative selection it^insr 



Flfiure 3. Relative In vivo antitumor activity for established day 14 
CMS- 5 tumors treated with CMS-5 ca || a secreting either native or 
fusion protein forma of IL-12. (A) Kaplan- Meier survival plots for mice 
treated with 5*1Q U wild type (thin line, n=24], native lL-12-secrotlng 
(thick line, n=>20) or einglfl-ehain lL-12-secretlng (broken line, n-20) 
CMS-6 ch||e. IB) TltratiPn of the relative In vivo antitumor activity of. 
CMS-6 cells transduced to secrete either native or fusion protein 
forme or IL-12. Mice bearing 14-day tumor a Initiated with 4*10' 
CMS-6 cells were treated with either 10' IL-12-aecretlnfl cells (Group 11, 
or 5x^0* cells of which 100. 20, 4, O.Q, 0.16 or 0% of cells were from 
the stock population of native or fusion protein IL-i2-$ecreting CMS-5 
oeite (Croupe 2-6 end C respectively). 20 mice per group except group 
3 (n-26) and control group C (n=24J; Q, p=0,0003; *, p=0.004. Data 
are pooled from two separate experiments and survival was scored at 
day 162, 



1L- 1 1 secreting cells in virro. 

. CMS-5 cells secreting either form of FT,- 1 2 were effective 
therapy for established CMS-5 tumors. Tumors were established 
with 4x 10' CMS-5 cells, resulting in a palpable tumor incidence 
of 90% on day 14 (median mean tumor diameter 4 mm; range 

0- 12.5 mm). Overall long-term survival of mice with CMS-5 
tumors was £Ku*% when cells transduced to secrete cither form of 
IL-12 were administered in four weekly doses commencing on day 

1- 1. compared to 4% for control mice treated with wild-type tumor 
cells (l ; ig, 3A). Eighty-one percent of palpable rumors in mice 
created with cells secreting It- 1 2 repressed completely, compared 
to 0%'of tumors in coniroJ mice, 

It was possible thai there may have been a difference in the 
antitumor efficacy of |L-i2-secreciny cell populations that would 
be evident nt submaxinval levels of IL-12 secretion. Hupulatum* 
of tumor cel|s secreting different^ mounts of IL-12 were generakd 
by mining wild-type CMS-5 cells with dirrjifiishihg proportions 
of FL- 12 -secreting cells ami evaluated for therapeutic efficacy 
in mice with preexist in); CMSo tumors (Tig, CMS-5 cells 
secreting p40.|..Ap3? IL-12 retained maximal in vivo antitumor 
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Table 2. Stable transduction oHuiw cells for IU-12 prod uction. 

Provirya fliqactjve 11.-12 protjuctiun 



Tumor cell 


Retroviral producer cell line 


copy 


ug/io Irradiated cq||9/ 


line 


csii line/clone number 


number 


48 hr fna. of assays} 


CM5-5 


nil 


O 






CRE.IL-l2.p35-IRES.p40M 


1.4 


4.24 ± 0.73 (34)' 




Cfi£.|L-12.p40.LAp35/43 


0.5 


7.49 ± 1.42 (26)' 


B16 


nil 


O 


<O.OQD5' 




CRE.|L-12-p3S.|RES.p4a/2 


1-1 


0.057 ± 0.DO2 (3J» 




CRIP.IM2.p35,IHES,p4Q/2 


4.7 


1.1 Q± 0.26(9)'-' 




CRlp|L-l2.p4Q.LAp35/22 


1.B 


1-96x0.55 (1Q)' 




Cfl|P.|L-l2,p40.LAp3S/32 


NP 


11.01 *3-67 or 



r 



ND-nat de'ermln^d, Reaujra from conditioned madia assayed undiluted', or 
diluted 1:100°, 1:1.000= or 1:10,000". 



activity when diluted 1:5 in wild-type cells (i.e., the treatment 
dose of 5xi0 B CMS-5 cells comprised 1X10" cells from the 
IL-l2.p40,L,Ap35-secreting population and 4X 10" wild-rypc CMS 
cells),- whereas the cells secreting native IL-12 had only 50% of 
maximal in vivo antitumor activity at this close level. However, 
since the p40,L.Ap35 IL-12-secrering CMS-5 cells secreted 3-5 Fold 
more IL-12 bioactivity than the native fl.-12-secreting CMS-5 cells 
(based on in vitro bioassay of media conditioned by the cells used 
for the four treatment doses in these experiments), this difference 
was not evident when the data were standardized for r|ie amount 
of secreted It- 12 bioactivity. No therapeutic difference was evident 
between cells secreting die two forms of IL-12 whether 1, 2, 3» or 
4 weekly therapeutic doses of 5X10" IL-12-secreting cells 
were administered. 



Discussion 

We have described the expression of novel bioacuve murine 
and human IL-12 fusion proteins. The murine fusion protein 
IL-12. p40.L.Ap35 has a specific activity comparable to that of 
native And recombinant iL- 12, and retains antitumor activity in 
vivo. The analogous human IL-12 fusion protein is also hioaetjve. 
Although the single chain It- 12 fusion proteins wc describe 
resulted from an attempt to simplify the construction of retroviral 
vectors for IL-12 production, they potentially hnvc wide additional 
application. The cDNAs encoding the human or mouse IL-12 
fusion proteins circumvent the difficulties^ of expressing two 
separate proteins to produce It- 1 2 and hence would be convenient 
for use in plasmid, adenoviral, and other expression systems under 
evaluation for cancer and infectious disease gene rhcrapy. A partic- 
ular theoretical advantage of single chain It- 12 expression is the 
elinii nation of the possibility of excess free p40 subunit synthesis, a 
potential problem since excess free p40 subunits have the capacity 
to form liomodimers that function as specific antagonists 
in both murine and human in vitro systems"" 11 '. Furthermore, 
compared to native IL-U, the IL-12 fusion protein itself may have 
a different spectrum of relacive potencies over the range of pleio- 
tropic IL-12 activities, possibly resulting from a different affinity 
for IL-12 receptors, nr from different pharmacolobiology and 
pharjmokineiics in vivo, although we have not yet evaluated these 
possibilities. For the commercial manufacture of heterodimers 
such IL-12, the large sc.\|e production of a single chain form 
may he simpler rhan rh.u of rhe heierudimer, particularly because 
there is no need to include steps in purify the active moiery from 
contaminating suhunit forms, 

No initial presumption was nude about the optimal order of 
components in the polypeptide bac)chnne or the length of the 
linker, since there was no 3-ditTiensjnnul structural information 
about IL-12 available at the outset, The (C]y,Scr) ( linker of Huston 
ei al. 1 ' w.is arbitrarily chosen for its flexibility 1 ', and also hccui^'i( 



h;ul been used prevjnu.Jy in constructing single chain antibodies* 
and PlXY-321 Iref 22), a linked form of huuuin granulocyte macro! 
phage colony srjrnuhiring factor and inievleukin-3 already in clinita 
use. Cloning practicalities and a propensity for intra-linkerdeletio ' 
to occur during cloning influenced the final cDNA construct© 
for hIL-l2.p40.L.Ap35 (an intrn-linker deletion also occured j 
die construction of the PlW-321 cDNA from the same link 
sequence"). The basis of the different relative specific activities 
the murine IL-12 fusion proteins expressed is likely to be stru 
tural, although the fusion protein did not alter the combination q 
sequences recently shown to be critical for the binding of murirj" 
p35 to the murine IL-12 receptor'. It is possible that the deletio 
of the leader sequence of the trailing cDNA mighi contribute t 
the reladve potency nod stability of the IL-12. p*l0.L.Ap35 protein 
relacive to some of the other numerous IL-12 fusion protein forrajt 
possible, by minimizing the bulk of nonessential sequences in thjE" 
region of the otherwise correctly folded fusion protein, and b 
removing potential protease sites. ' 

A potential disadvantage of incorporating an extraneous li 
sequence in a therapeutic compound is that it may present immun 
genie epitopes in vivo. The immunogenicity of the (Gly.Scr), li 
was nnt a consideration in its design for single chain antibodies 
and in vivo studies have been too limited for this to be known, T 
deletion variant linker Glv,SerGly : Ser in PJXY-321 fref 22) is 
of unknown immunogenicity, although there is one preliminar 
report of antibody development and reduced efficacy of this corr^ 
pound with repeated administration^ However, the specificity© 
ihese antibodies has not been reported in detail and may have be 1 
against epitopes on cither IL-3, GM-CSF, or the linker, and the pr 
sence of the powerful adjuvant GM-CSF in this fusion moiety rn 
have unusually enhanced its inherent immunogenicity such as wj 
seen with anti-idiotype-GM-CSF fusion proteins ;i . An assessme 
of the immunogenicity of the IL-12 fusion proteins based on in 
administration of purified recombinant material will be of inieres 

The unselected populations of lL-12-producing tumor ce| 
wc made by infection with SFG-based retroviruses secrete I0-7| 
fold more IL-12 than the best achieved by others using IRE^ 
conUining retroviral constructs and selection for infected tumtj 
cells :jM, > The recently isolated producer CRIP.IL-12.p40.LAp35/^ 
resulted in 900-fold greater IL-12 production by B16 cells than hr 
previously been achieved lor lhii> tumor cell line'. Enrichment fi 
infected cells by selection was not possible with our constru 
since ihey did not contain a positive selectable marker, but o 
rumor cell populations averaged 0,5-4.7 proviral integrants perce 
indicating high retroviral infectivity. Since we achieved high prq 
duction of both native and single-chain IL-12, the difference is nc 
explained by characteristics of the si ngle chain IL- 1 2 moiery per " 
although there was a trend for cells transduced to express the sin 
chain IL-12' to secrete higher levels of IL-12 bioactivity despif 
lower rates of proviral integration. 

With the high level of IL-12 secretion attained, we were able t 
demonstrate that the antitumor effect of lL-12-secreting CMS-: 
cells exhibited a dose-response relationship in the preexistin 
CMS-5 tumor mod>L, and that for survival and tumor regressio 1 
endpoints the plateau of j dose-response relationship had bee 
achieved. Notably, CMS-5 cells secreting a 25-fold reduction oft" 
12 (extrapolated to be approximately 300 ng/IO" irradiate 
cellsMH hr) had no in vjvu untiturnor activity. Thc^e ubservatin 
4re ambient wjrh previous reports" n indicating that high leve 
of IL-12 secretion may be required in some tumor models for an" 
tumor effects to be iecn, jnd suggest i!m where subtle nr mini 
effects have been observed in models using tumor cells st'cretuij 
luw amounts of IL-12, this mav have resulted from a low level i 
It- 12 production. 

The availability of murine and human single chain IL-12 fusi 
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orceins of hi^h ^pcciHc in vitro bituaivityarnl potent antitumor 
jctr- iiy in viva provides an opportunity ro expand the develop- 
er, of IL-U-bused therapeutic strategics. This is particularly so 
i$ :ietic:illy-based strategics, .^ince the cDNAs encoding these 
j - lV _ . .-bain rorms of IL-12 subbtuntially simplifies the ctmstruc- 
n'ori of vectors for IL-12 production in plasmid, retroviral, adeno- 
viral and i>t^»' vector systems, 

Experimental protocol 

Cell Uncs. 'Ii-CIIIP^. \\i-CRJL :n and DOSC producer celh, 3T3 cells, end B16* 
jnd tumor cell linea were propagated as previously described 1 ". 

Rcirnviral.vecrar construction. Murine (m) jrul human (h) IL-12 p35 and 

cPNA clones in pUluescript i StriHnflene, La lolla, CA) (pQS.TL-l2.p35 
j P • T1S.lL-l2.p40) were a gift of Ueli Gubier (Hoffmann-La Roche, Nutley, 
'\ u- cUNAs corresponded to the published sequences"" 1 , except thai the 

j c , -s of the murine p25 jnd murine und human p40 c'DNAa iurromid- 

mi: l*\c translations! initiation ATG were changed to S'-ACCAXGG-.V, in all 
three ttoc* altering the second codon from TOT (cysteine) to GGT (glycine) 
jnJcrcjiina jn'Neol restriction enzyme site. The internal rlbosomc entry 

iMESVaequsncc u-ed was derived from checncephulomyocardiiis virus*' 
j S previously used". Lipkcr acijiiciic« were synthesized iia sense and anti- 
»ense oligonucleotides spanning the sequence of WusLon el al." encoding the 
iLjly,Scrjj linker, and adjacent sequences between convenient overhanging 
restriction enzyme sites in the 3' and 5' ends of the FL- 12 .tuhunit cDNAd, 
del.-iini? the stop cod on of the leading IL-12 subqnit cDNA. Linker oliganu- 
t -|,. :s were annealed, phosphnrylnced and li(Ji)ted into dtsphnspharylated 

pi .is. In bumc eases, hiTra-Hnkcr deletions occurred during cloning 

dec htf. 10). The SFG retroviral vector lued wJS derived from MFG ,ow " 
by the introduction uf two point muwtians which crenre an Nhfll site qnd 
cjuse the premature ccrmtnution of the &ag open rcadint? frame sequences 
present in MFC", (sequence detjih provided elaewherc h ).SFG wiis propogared 
in the pUCI9 plasm id and the cDNA inserts for repression were cloned 
between irs' unique NcdL and Bum Hi aires (the [JqmHI bite ^as-tilled 
where nece.iaqry) thing conventional Technique*" (pip. I). Fnieris \i\ final 
wrsi'np.q nfconstrucis were as follows (nucleodde numbering iire from the 
published reports"- 11 )! pSPG.lL-l2.p35: p35 cPN A as a Nco I * EtfpR I f fl I led I 
fr.» '■,tuofpliS.IL-12.p35; pSFG.U--l2.pH0: p40 cDMAasa Ncol-BnmHI 
I'r ,-ntof pUS4L-12.p^0; pSFG.JL-l2.p35-IKJ2S.p4G: p35 cDNA as a Ncol- 
E*..,.,: fragment of pDS.IL-12.p35, IURS cpNAa^ u CcoRl-Nctil fr.iament.p40 
cDNA jsaNcol-QjmHl fraBinent of pPSJU-l2.p4fl; pSPG.JL-l2.p-IO.IK^.p35: 
p-li) cDNA \i6 a Ncol-BamHI fragment of pBS.lL- I2.p-10» IRES cUNA 
ii .i Rdml'll-Ncol lViiym*i|V, p35 as .a Ncol-EcoR I [filledl fragment of 
phS.lL-l2.p35; pSFG.[L^l2.p3:VI-,Ap-H): p35 cDNA from rhe Ncol sice 
of p0S.lL-l2.pi5 to m 771 (i.e., deleting the sujp codon), linker as 
»hown in Figure iBfi), p^lO iPNA from nt 101 lo the EcoRl J filled I 
site of pOS.lL-u.p-tO li,e„ deleting the first 22 codons of p*1Q); 
l?SFG.lL-U 1 p.|n.L'.4.p35: p40 lDNA from the Nco) site of pOSJL-U.plp ro 

'".vj i i,e„ deleting the slop cudon). linker as shown in l-'iyure tB(ii), p3S 
I'riHil nr 103 roche licoR.ll filled 1 iitt-ofpRS.lL-l2.p35 f i.e., deleliily 
. >r 22 endons of p35); SFG Cunsmier for the cjcprcsKion of human 
I'--[:.p.|i),[.„i 1 p35; hlL-12 pHOcPNA from the Kco| njte of pliS.hlL-l2.p4D 
10 ni 997 (i.e., deleting die stop cudonl, IhlKer as shown in Kigure I0(iii), 
ML- 12 p35 cDNA from nt 27C to the PpuMI (tilled [ site of pllS.hlL-l2.p35 
'i.e., deleting the first 22 codons of p35 following the second translational 
'nid.iiiun codon). Constructs were sequenced acro.« all doninu junctions to 
determine the nucleotide iequence of rhe linkr and adi^centsubunit refiions. 

Rxpresslon of IL-12 protein* and collection of conditioned media. For 
'he .iidc-by-jiUlc! sercL-ninu of j panel of cun^irucis (Table I), HOSC producer 
were placed at 2x ID" cells per 6 cm tissue culture diah and translected 

. ' .Pf.i, [rinsfociion with the various cnnsirucis as' previously descrihed". 

v-rijur hours jfter transection, the medium was repl.iced with 5 mi 
."' medium. Virus-contdininB uipernarilUM were collected 24 h later, 
tit re red |l).4S ^.rn. tlelman Sciences, Ann Arbor, Ml) and polyhre-nc added 
'I'nal eoncenip-uinn H u-g/mD. CMS-5 uelU were inl'vcied with 2,5 ml 
lU v i"'us-cnnti?ininy supern.iMnt for 4 h f CMS-5 cells had been plated at 
" lX in' cells per 6 cm tissue culture dish the previous day), The remaining 
ml of siipBrn.it.mi wos friv.en jt -7()"f - and u.ied for vt «coiul 4 h inl'uc- 
"'»n of the CMS-5 culls rhe following djy.Tu collect IL' l2*contiiininti enndi- 
riil m c J .meiijum, r|ie medium was repl.iced die following day wiih S ml Ii'l-nIi 
'i^'diLitn which w.m lurvesied 2-1 h Luer, iljiercd fJ.2 p.m) and froven ur 
"' r C fur Lirer,i.s.sjy The inltvied GMSo culls were i|ien lysetl, and genomic 
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PN'A prepared tor later analyc;?. For •.elected constructs, aubly ir.\n : ,r?c[ t vi 
\\t~CM and ifi-CUIP producer clones-' tvere generated a* previously drier ibcU- 1 ' 1 . 
^recniiiu individual produCdf dones fur tho« with the grcilcsr capacity ro 
transduce 3T3 cells to produce biivcdve IL-12. Rctmvirus-conraininB super- 
nauinli from sclecced stubic producer clones were oicJ to infecr cumor cell 
lines in generiite populations of [L-U-iecrecitig tumor cell*. Tumors were 
transduced' by lo«r »i{ueniial 4 h infections in the presence of polyhcene 
|U p-g/ml). To facilitate infection or Din cells with eeoirupic ,|.-CllH-denv C J 
retrovirus pre-rreaiment with 2-deoxy v D^gluL-o.se whs used according -to a 
method developed by D. Lindemann (University ot WQrzburg, Germany, 
unpublished) b^ed on observations of Kai et jL" Hor eomparative dctcroii- 
njtions of IL-12 production by* rumor cells (Table 2), ID- irradiared cells were 
plated inlO ml of culture medium Jr. J conditioned inedu Warves-ed arte: 
LS h. Iikercd (0.2 pml. und .-»[.» fid at -70 J C until aiSilved. 

IL-12 hioa-ssfly-i and F,|-I5As. Levels of tL-12 bioiietiviry in conditioned 
media .(hitch serum- free and containing 1U% tela I calf scrum) were 
determined using the murine tL-12 splcnocyte proliferative biuaisay iia 
described"- Sampler were assayed n 1:1-1:10,000 dilutions And bimicti^ity 
determined in comparison to the linear part of a standard curve using 
recombinant murine (rm) IL-12 (gift of M. G.uely, Hnffm^nn-La Roche'! 
conscrucced over the range 2O-3O00 p^'ml rrn IL-12 in the rest sample. Curve 
rudng was performed vising Deltagraph 4.0 i Deltiipoim. Monterey, CA L 
AU conditioned media samples ccuiuijied demonstrable inhibitory nctivicy; 
values reported were lukert from tlw moat dilute sample Min^ within the 
linear range of'ihe standard curve, generally a 1:100 or 1:1,000 dilution. 
To cajcutote the relative .specific acriviry { defined as the ratio of :ig/ml Jctcr- 
mined by bioassay and immunoassay l q cap cure IL-12 bioaiSiiy was used as 
ihis was not Cumplicated by the effect* of inhibitory iiibitaoces >n condi- 
tioned media. Antibody capture bioaways ^nd EL1SA fur murine and human 
IL-12 were performed as previously described"-* 11 . The murine IL-12 p-tu 
E1.1SA. which detects both heterodimeric and free pHD, used the p-10-specific 
5D9 antibody to coat plutes, whereas the heTerodimcr-specific mouse il,-!2 
p"5 ELISA used the heterodimer-specirlc 9 AS ancihody for cuiitii\^, The 
mouse pan-specific antibody 5C3 voi* used in both ELlSAs'for deieciiou of 
captured mou.se IL-12 p40 or IL-12 p75- Anti-mouse IL-12 monutlonat anti- 
bodies were provided by D. Presky t Hoffmann-La Roche). A commercially 
available human IL-12 p75 ELISA tR&P Systems, Minneapolis, MX'i- wqa 
used for inicinl screening for human lL-U.p40.L^p35 production. Speeific 
aciivjty cajculqtions fur llIL- 1 2.p-|0,L.-ip35 were bused On bioactiviiy deter- 
minations in the antibody capture hfoassa/' and protein quantiraiuin using 
the HLlSA that employi the hetemdimer-specific antihu.man If,- 12 antibody 
2QC2as acuptureamibui1y for human It-12 p75 M . 

Provirnl copy number determination. Proviral copy number was deter- 
mined by Southern blot analysis 1 *. Genomic DNA (10 ^g) disced by 
Nhel wps separated by electrophoresis in O.S'Jo agarose gels, transferred to a 
nylon membrane and separately probed with full-length ''P-label|ed IL-12 
paSor p'in cUNA fmyments from p0S.IL-l2.p3S and pB5.IL-12.p4U, wich 
validated sTripp'ng between hvbridi^tions with each probe. Control lanes 
wcre b.ised on "I proviral copy in 10 u.5 genomic DNA equalling 13.5 pg of 
p5FG.IL*|2.p35.L.pH0. and probe hyhridizacion to the iwu endu^-iums eenes 
served us ;\ furiller internal control, 

Western blot analysis. Serum-free conditioned media from wild-type 
CMS-5 cell* or CM^ "II s expressing native LL-12 or ihe IL-12 fusion pro- 
tein were collected, filtered lU.2 H-mi.and scored at-70°C. The condilkmcd 
media were concentrated 20-30 fold iCentricon I0 t Amicon, Beverly, MA), 
and snmples containing 20 |iy total prorcin run on separate 10% piityaery- 
lamide Qels wirh or without I0*»o fJ-mercaptoeihanol. The primary anfibudy 
was a polyclonal gDiit anri-rmIL-12 antibody (%i ft uf D. Presley, Hoffman n- 
I.a Roche), the secondnry aptibody a peroxidiJse-cn^C^atcd donkey aiui- 
Ijoat t-'ljb'lj frutjinentac a 1:50,000 dilution TJacksun tmmuooresear;n Lah-s. 
West Grove, VAJ, und me ''Kenaissance" detection system fDuPont NUN, 
Wilmington, DEI w.\s used. A preliminary analysis indicated a fiwmld- 
i;reater signal from enndirioned media containing iin^le cltain 1 1- 1- Ji^d 
therefore for the Western bloc shown in Figure 2, 5 p.y [oral pruiein trum this 
conditioned medium wife loaded, l lv control lanes were t-onditiuned medm 
from wild-cypc celli wichotu or spiked wirh 50 ng recombinjnt murine IL-12. 

In V1VD tumor model. The protocol was approved by the M»SSiichii.iifics 
Institute uf Technology Animal Care Committee: To initiate CMS** Tumors, 
lyngeneic fi-rt week u|d female UALll/c mice from lackson Laboratories 
1 Rjf Harbur, ME) were injected with 4.': 10' vinb/e CMS-5 cell* in il.5 ml 
Hank's balaiiceds,dc solution fGibeo, Grand Wand. NY) iubcut^ 

ntouslv on their back. On djv 14, lunuir ^/e and incidwlice was documented 
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and a iW of 3/ 10 irradLiWii f 35 Gy. "'£'.* .niurce Ji>du trying 1.24 Gy/min) 
treatment -el Is .ldmiriisrered suhcuwnenusly in U.5 ml MBSS in die left 
inguinql regjnn, Tre-.umem cells war* wild-type CMS-? cells, or un«ldL-ied 
populations of CMS-? cells rran^uedd to express native !L- 12 or chu II.- 
]2.p'IO.LAp35 'fusion protein, nr, for the experiment, ihuwn in figure 3fi\ 
varipui-mbiiurcs ut wild-type and [L-12 secreting crlta Treqtrnem cells were 
administered co survivinft.-mice wuckJy for 4 subcutaneous doses in alter- 
nating inguinal regions. Tumor size wiin monitored as tht: mean of two pcr» 
pedicular tumor din meters, and mice were killed wjicci the sum of iwo 
perpendicular tumor diameters exceeded 3U mm. or raMy. if tumor* ulcer- 
jted CkH0fyh of non-survivora were ;>:tcrifa:ed because of tumor hulk). 

Statistics. Reiultd lire given me:in ± Standard error, JMP 3.1.5 software 
fSAS Institute, Cnry, NO was u-tad far srwrical analyses und conntmction of 
Kaplan Meier surviva! curves.- Rare deaths duo tn inqdenul causes fe.(j., fail- 
ure recover from qnnesthiKic) wiire created as censored events fur che con- 
struction of survival curved, but scored as non-survival irt categorical 
classifications. Survival differences were evaluated wjph, (he Wilcoxon rank 
sum testi and the chi-squared test was used for categorical variables. 
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Inhibition of 0^3 or 0^5 integrin function has been reported to suppress neovascularization 
and tumor growth, suggesting that these integrins are critical modulators of angiogenesis. 
Here we report that mice lacking P3 integrins or both p 3 and P5 integrins not only support 
tumorigenesis, but have enhanced tumor growth as well. Moreover, the tumors in these inte- 
grin-deficient mice display enhanced angiogenesis, strongly suggesting that neither (3 3 nor p 5 
integrins are essential for neovascularization. We also observed that angiogenic responses to 
hypoxia and vascular endothelial growth factor (VEGF) are augmented significantly in the ab- 
sence of P3 integrins. We found no evidence that the expression or functions of other integrins 
were altered as a consequence of the p 3 deficiency, but we did observe elevated levels of VEGF 
receptor-2 (also called Flk-1) in p 3 -null endothelial cells. These data indicate that a v p 3 and ctvps 
integrins are not essential for vascular development or pathological angiogenesis and high- 
light the need for further evaluation of the mechanisms of action of cvintegrin antagonists in 
anti-angiogenic therapeutics. 



Angiogenesis, the formation of new blood vessels from pre- 
existing vasculature, involves coordinated endothelial-cell 
proliferation, migration and tube formation. This process is 
influenced both by growth factors, such as vascular endothe- 
lial growth factor (VEGF), and by cell adhesion molecules 
such as integrins 1 2 . Angiogenesis is a hallmark of cancer, as 
well as various ischemic diseases such as retinopathy of pre- 
maturity 3 , implying that anti-angiogenic drugs are likely to be 
of importance in the treatment of these diseases. Elucidating 
the precise molecular mechanisms of angiogenic regulation is 
therefore important in determining rational strategies for 
such anti-angiogenic approaches. 

VEGF has been identified as a major angiogenic factor act- 
ing through endothelial cell-specific receptors, including 
VEGF receptor-2 (VEGFR-2; also called Flk-1)\ The impor- 
tance of the VEGF/VEGFR-2 system in angiogenesis is sup- 
ported strongly by the lack of vascular development and early 
embryonic lethality in mice both heterozygous for and defi- 
cient in VEGFR-2 (refs. 4-6)- In many tumors and ischemic 
diseases, VEGF production is elevated, inducing adult patho- 
logical angiogenesis and further emphasizing the importance 
of VEGF in neovascularization. Strategies to block VEGF and 
VEGF receptor signaling and function have resulted in signif- 
icant inhibition of tumor angiogenesis and such reagents are 
presently in clinical trials 1,7 8 . Several members of the integrin 
family are also implicated in angiogenesis 9 " 18 . The largest 
body of data has linked a v p 3 and 0^5 integrins (both recep- 
tors for vitronectin and other extracellular matrix molecules) 
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with, blood-vessel development 11 " 18 . Particular attention has 
been paid to the role of Ovp 3 integrin in angiogenesis as it is 
prominent on proliferating vascular endothelial cells 1314 . 
Furthermore, blockade of Oyp 3 integrin with monoclonal an- 
tibodies or low-molecular-weight antagonists inhibits blood- 
vessel formation in a variety of in vivo models' 7 , including 
tumor angiogenesis 11-13 and neovascularization during oxy- 
gen-induced retinopathy 19 . In a recent report, a single small- 
molecule inhibitor of both oc v p 3 and oc v p5 integrins inhibited 
tumor angiogenesis in animal models 20 . Taken together, these 
inhibition data suggest critical roles for Ovp 3 and a v p 5 in an- 
giogenesis, and highlight their importance as potential tar- 
gets in anti-angiogenic therapy. In fact, the oc v p 3 -integrin 
antagonist, Vitaxin, is presently in clinical trials 21 . 

In contrast with these inhibitor studies, mice lacking ct v , p 3 
or p 5 integrins exhibit extensive developmental angiogene- 
sis 22 " 24 . All a v -null mice have extensive sprouting angiogenesis 
and develop normally until embryonic day 9.5 and approxi- 
mately 20% of them survive to birth 22 . p 3 -null mice are both 
viable and fertile and developmental angiogenesis, including 
postnatal neovascularization of the retina, appears to be p 3 - 
independent 23 . p 5 -null mice are also viable and fertile and 
have no defects in wound healing, suggesting that adult an- 
giogenesis is unaffected in these animals 24 . These results indi- 
cate that the precise role of oty integrins in angiogenesis is 
likely to be more complex than initially thought and raise the 
question of the importance of Ovp 3 and Ovp 5 integrins in adult 
pathological angiogenic processes. Using genetically defi- 
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Fig.'-1 Tumor growth and angiogenesis are en- 
hanced in p 3 -deficient mice, a, Measurement of 
murine B16F0 (left) and CMT19T (right) subcutaneous 
tumors grown in wild-type (□) and p 3 -null (■) mice. 
Bars show mean tumor volume in mm 3 ± s.e.m. for 10- 
day-old tumors. P < 0.02; **, P < 0.01. b, 
Measurement of human A375SM s.c. tumors grown in 
Rag-2 (□) and Rag-2/p 3 -null (■) mice. Bars show mean 
tumor weight in mg ± s.e.m. for 36-day-old tumors. *, 
P < 0.003. c, Macroscopic appearance of 10-day-old 
B16F0 (top) and CMT19T (bottom) tumors grown in 
wild-type (left) and. p 3 -null (right) mice, d, H&E- 
stained sections of B16F0 tumors from wild-type (left) 
and p 3 -null (right) mice; microvessels (arrows) are 
clearly visible, e, VE-cadherin (top panels), laminin-1 
(middle), and PECAM-1 (bottom) staining patterns in 
sections of B16F0 tumors from wild-type (left) and p 3 - 
null (right) mice. Tumor vessels from (3 3 -null mice ex- 
press all the endothelial markers tested, f, Microvessel 
density in B1 6F0 tumors was significantly greater in p 3 - 
null {■) mice than in wild-type (□) mice (*, P< 0.03). 
g, In untreated skin sections vessel density was identi- 
cal in wild-type (□) and p 3 -null (■) mice. Scale bars: 1 
cm (c); 50 um (c/and e). 
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cient mice, we have tested the requirements for P3, or the 
combination of P3 and P5 integrins, in adult neovasculariza- 
tion by monitoring pathological angiogenesis. Here we report 
the following results: 1) tumor growth and angiogenesis not 
only are supported, but were even enhanced in p 3 -deficient 
and p3/p5~doubly deficient mice; 2) despite the parallel roles 
of ct v p3 and otyps in angiogenesis, a v ps and other integrins 
tested were not upregulated in response to P 3 deficiency in 
endothelial cells; and 3) enhanced VEGF-induced angiogenic 
responses in P3-nujl mice may be due, at least in part, to the 
elevated VEGFR-2 levels observed in p 3 -deficient endothelial 
cells, - 

Tumor angiogenesis is enhanced in p 3 -deficient mice 

Given that adult tumor angiogenesis can be inhibited by 
blockade of a v p 3 integrin 11 ; 13 n , we investigated whether p 3 de- 
ficiency had any effect on adult tumor angiogenesis. p 3 -null 
and wild-type mice were injected subcutaneously with 
murine tumor cells; either melanoma (B16F0) or lung carci- 
noma (CMT19T) cells. As shown in Fig. la, tumors not only 
grew in both lines, but tumor size was enhanced significantly 
in the p 3 -deficient mice when compared with controls (P < 
0.02 for B16F0 and P< 0.01 for CMT19T). Representative ex- 
amples of B16F0 and CMT19T tumors are shown in Fig. lc. 
The growth of a human melanoma (A375SM) cell line was 



also tested by subcutaneous injection into immunocompro- 
mised (Rag-2) mice and Rag-2/p 3 -null mice (Fig. 16). In con- 
cordance with the other tumor models, A375SM tumors were 
significantly larger in Rag-2/p 3 -null mice {P < 0.003) (Fig. lb). 

Sections of tumors were stained with hematoxylin and 
eosin (H&E). Microvessels were evident in tumors in both 
wild-type and p 3 -null mice (Fig. Id). Immuriostaining with 
antibodies to various endothelial markers, including vascular 
endothelial (VE)-cadherin, laminin-1 and platelet endothe- 
liai-cell adhesion molecule-1 (PECAM-1) (Fig. le), VEGFR-2 
and Tek (data not shown), established that the blood vessels 
in the p 3 -null mice expressed all of the tested markers of en : 
dothelial cells. Blood-vessel density was quantified by count- 
ing the number of vessels per unit area across entire tumor 
sections. p 3 -null mice had significantly elevated numbers of 
vessels per square millimeter of tumor when compared with 
wild-type controls {P< 0.03) (Fig. If). Importantly, vessel den- 
sity in non tumor-burdened adult scruff-skin was comparable 
between p 3 -null and wild-type mice (Fig. \g) suggesting that 
the enhanced tumor angiogenic response was not due to ele- 
vated blood-vessel density in untreated p 3 -null skin. 

P 3 /p 5 -deficient mice have enhanced tumor angiogenesis 

Because Ovp 3 and 0^5 integrins are related receptors and are 
both thought to be involved in angiogenesis 11 20 , it is possible 
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Fig. 2 p 3 /p 5 -null mice show enhanced tumor growth and angiogenesis. a. 
Measurement of B16F0 (left) and CMT19T (right) s.c. tumors in wt (□) and 
p 3 /(i 5 -null (■) mice. The mean tumor volume in mm J ± s.e.m. is given for 10- 
day-old tumors. \P< 0.05; * * P< 0.007. b, Measurement of human LS180 s.c. 
tumors grown in Rag-2 (□) and Rag-2/p3/p 5 -null (■) mice. The mean tumor 
weight in mg ± s.e.m. is presented for 21-day-old LS180 tumors (\ P< 0.003). 
e, Macroscopic appearance of 10-day-old B16F0 (top) and CMT19T (bottom) 
tumors grown in control (left) and p^/^-nutl (right) mice. 6, In H&E-stained 
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sections of tumors from p3/p 5 -null mice microvessels are clearfy visible (arrows). 
e, Microvessels were detected by PECAM immunostaining of tumors in control 
(left) and p}/p 5 -null (right) mice, f, Microvessel density in B16F0 tumors was 
significantly higher in pyj^-null (■) mice than in wild-type (Q) mice. *, P < 
0.008. g, In untreated skin sections vessel density was the same in wild-type (□) 
and p 3 /p5-null (■) mice. Scale bars: 1 cm (c); 50 torn (c/and e). 



that in the absence of both p 3 and P5 integrins angiogenesis 
would be completely blocked. To test this, we examined sub- 
cutaneous B16F0 and CMT19T tumors in p 3 /p 5 -doubly defi- 
cient mice. Results showed that tumor growth was not only 
supported in these mice, but also that tumors were signifi- 
cantly larger when compared with controls (Fig. 2a). 
Similarly, subcutaneous growth of colon carcinoma (LS180) 
in Rag-2/p 3 /p 5 -null mice was significantly enhanced com- 
pared with controls (P < 0.014) (Fig. 2b). Representative ex- 



amples of B16F0 and CMT19T tumors are shown in Fig. 2c. 
Histological analysis of an H&E-stained tumor section (Fig. 
2d) and immunodetection of PECAM- 1 (Fig. 2e), VE-cadherin, 
laminin-1 and VEGFR-2 (data not shown) revealed that an- 
giogenic blood vessels were clearly detectable in the P3/P5- 
null mice. Moreover, tumors from these mice were 
significantly hyper-vascularized when compared with con- 
trols {P < 0.008) (Fig. 2/}. In contrast, blood-vessel density in 
unchallenged p3/p 5 -null skin was comparable to control skin 
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Fig. 3 pj deficiency does not affect the expression or function of other inte- 
grins. a, Surface iodination and immunoprecipitation of p3, cty, p$, pi, 04, 
a2 and 0:5 integrin subunits from lung-derived wild-type (wt) and P3-null 
(-/-) endothelial cells, b, Immunofluorescence staining of wild-type and P3- 
null endothelial cells stained with antibodies to P3, a v , pi and ot 5 . p 3 -subunit 
was absent and cty-subunit was reduced in p 3 -null endothelial-cell focal con- 
tact sites. Scale bar: 5 e and d, In adhesion assays (c), and migration as- 
says (0), p 3 -null endothelial cells had background activity on vitronectin 
(VN), but responses on fibronectin (FN), collagen (COLL) and taminin-1 
(LM-1) were normal. Adhesion and migration values are given as mean per- 
centages ± s.e.m. relative to wild-type cell activity on FN.*P< 0.003;**P< 
0.000007. Q, wild-type cells; ■. p 3 -null cells. 
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Fig. 4 Hypoxia-induced retinal angiogenesis is enhanced in Pj-null mice, a, Flat 
mounts of retinas from wild-type (left) and p 3 -null (right) mice that have undergone 
hypoxia-induced retinal angiogenesis show extensive areas of neovascularization with 
excessive development of vascular glomeruli (arrowheads) in the p 3 -null retinas, b, 
Quantification of vascular glomeruli in wild-type (□) and p 3 -null (■) retinas (n = 9-12 
mice per genotype; ',P< 0.02). e. Cross-sections of eyes from wild-type (left) and p 3 - 
null (right) mice showing retinal neovascularization internal to the inner limiting mem- 
brane in both genotypes (arrowheads) with excessive development of vascular 
glomeruli in the p 3 -null retinas (arrows). V, vitreous; ILM, inner limiting membrane; 
GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bars: 100 urn (a); 50 urn (c). 



(Fig. 2$. Thus, our data provide strong evidence that defi- 
ciency of either p 3 alone, or both p 3 and p 5 integrins, can en- 
hance tumor growth and angiogenesis. These data 
demonstrate that Ovp 3 and a v Ps integrins are not essential for 
tumor angiogenesis. 

p 3 deficiency does not affect other integrin subunits 

Apart from the two receptors, a v p 3 and Oyps, other integrins 



such as the fibronectin receptor a$\ and the collagen 
receptors 0C2P1 and otiPi have also been suggested to play 
roles in angiogenesis 9 " 14 ". This raises the possibility 
that other integrins may compensate for p 3 deficiency. 
We compared the expression profiles and functions of 
integrins in wild-type and p 3 -null endothelial cells. 
Surface iodination followed by immunoprecipitation of 
p 3 and a v integrins showed a complete loss of p 3 inte- 
grin and reduced levels of cty integrin in the p 3 -null en- 
dothelial cells. However, no changes in surface 
expression of P5, pi, cq, or 0:5 integrins were detected 
by surface iodination and immunoprecipitation (Fig. 
3a). Western-blot analysis also showed no difference in 
total p 5 -subunit levels in endothelial cells (data not 
shown). Focal contact distribution of integrins in the 
p 3 -null endothelial cells was examined by immunofluo- 
rescence using antibodies to various integrins, includ- 
ing p 3 , cty, pi and as integrins. Apart from the absence 
of detectable P 3 integrin in the p 3 -null endothelial cells, 
oty expression appeared to be somewhat reduced and 
there were no changes in pi or a 5 integrin patterns (Fig. 
3b). 

To test whether the loss of p 3 integrins had any effect 
on the functions of other integrins, we performed adhe- 
sion and migration assays on fibronectin, collagen, 
laminin-1 and vitronectin. In adhesion assays, wild-type 
and p 3 -null endothelial cells adhered equally well to fi- 
bronectin, collagen and laminin-1. In contrast to 
wild-type cells, p 3 -null cells showed background levels of 
adhesion to vitronectin (Fig.3c). In migration assays, p 3 - 

null endothelial cells had normal migratory abilities on 

most substrates; but migration was ablated on vit- 
ronectin (Fig. 3(/). These data show no evidence for com- 
pensation by other integrins in response to p 3 deficiency. 

p 3 deficiency enhances VEGF-induced blood-vessel growth 

Since p 3 -null mice exhibited enhanced tumor angiogenesis, we 
sought to investigate the effect of P 3 deficiency in another 
adult neovascularization assay. Hypoxia-induced retinal neo- 
vascularization in neonatal mice is a model for the ischemic 
disease retinopathy of prematurity, and it provides a useful 
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Fig. 5 p 3 deficiency enhances VEGF-induced vessel growth in vivo and in vitro. 3, 
Quantification of microvessels infiltrating Matrigel implants in wild-type {□) or p 3 - 
nuil (■) mice in the presence or absence of VEGF shows augmented VEGF-induced 
angiogenesis in the p 3 -null mice.compared with VEGF-induced angiogenesis in wild- 
type mice. *, P < 0.05. VEGF-induced angiogenesis in wild-type mice was signifi- 
cantly enhanced compared with PBS controls. **, P< 0.015. b, In ex vivo aortic ring 
assays microvessel numbers were counted from wild-type (□) and p 3 -null (■) aortic 
rings grown in the presence of DMEM (left panel), FCS (middle) or VEGF (right). p 3 - 
null samples had elevated angiogenic responses to VEGF (n = 5-7 mice per geno- 
type; *, P< 0,05). c, Low-power light micrographs of representative wild-type (left) 
and p 3 -null (right) aortic ring microvessels grown in the presence of VEGF. 
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method to quantify neovascularization in p3-null mice. 
Postnatal day 7 (P7) mice were placed in 75% oxygen for five 
days causing central avascularization of both wild-type and P3- 
null retinas {data not shown). This incubation was followed by 
housing the mice for five further days (until PI 7) under nor- 
moxic conditions after which neovascularization was detected 
by perfusion of the entire vasculature with a non-diffusible flu- 
orescein-dextran solution. In flat-mounted wild-type and P3- 
null retinas, we detected areas of neovascularization and 
vascular glomeruli (Fig. 4a). Vascular glomeruli are highly pro- 
liferative clusters of tortuous vessels that are produced in re- 
sponse to angiogenic stimuli and protrude through the inner 
limiting membrane. The numbers of glomeruli were counted 
to compare retinal neovascularization in wild-type and p3-null 
mice. We observed significantly elevated numbers of vascular 
glomeruli in p 3 -null mice at PI 7 (Fig. 4a and b) and in retinal 
cross-sections (Fig. 4 c). These data provide evidence that P3- 
null mice show enhanced neovascularization not only in tu- 
mors but also in hypoxia-induced retinopathy. 

VEGF expression is elevated in hypoxia-induced retinal an- 
giogenesis and is thought to.be the major angiogenesis-stimu- 
lating factor in this system 2627 . Because hypoxia-induced 
retinal neovascularization was enhanced in the p3-null mice, 
we hypothesized that VEGF-stimulated angiogenesis per se 



Fig. 6 Enhanced VEGFR-2 expression on p 3 -null endothelial 
cells, a, Flow-cytometric analysis of VEGFR-2 surface-expres- 
sion levels showed that p 3 -null (right) endothelial cells ex- 
pressed significantly higher levels of VEGFR-2 relative to 
wild-type controls (left). Bold line, VEGFR-2-labeled cells; 
thin line, negative control. Bar chart shows means ± s.e.m. of 
relative surface VEGFR-2 expression in wild-type (□) and p 3 - 
null (■) endothelial cells compared with negative control (n 
= 3; \ P< 0.014). b, Western-blot analysis of VEGFR-2 levels 
in wild-type and p 3 -nult endothelial cells that were either 
grown in culture or isolated from tumors directly. Bar charts 
represent densitometry results (means ± s.e.m.) from 2-4 in- 
dependent experiments that show that P3-null (■) endothe- 
lial cells express 2-3-fold more VEGFR-2 than wild-type 
controls (□). Western blotting for HSC-70 provided loading 
controls, c, p 3 -null endothelial cells were infected with con- 
trol retrovirus (mock), or with virus containing human P3 in- 
tegrin (p3.-|) and mock-infected wild-type cells were used as 
controls. Western-blot analyses confirmed that P3 levels were 
restored in p3-null cells infected with P31. In p 3 -null cells in- 
fected with p 3 -|, VEGFR-2 expression was reduced to wild- 
type levels. Western blotting for HSC-70 provided loading 
controls. Bar charts represent densitometry results (means ± 
s.e.m., n = 3) of relative P3 integrin and VEGFR-2 levels. 



might be elevated in p3-deficient mice. .Matrigel im- 
plants impregnated with VEGF or PBS (in the pres- 
ence of heparin 44 ) were administered 
subcutaneously to wild-type and p 3 -null mice and 
blood-vessel infiltration of the implants was quanti- 
fied. In contrast to PBS controls, VEGF induced an- 
giogenic responses in both wild-type and p3-null 
mice and this response was significantly elevated in 
P3-null mice when compared with controls (Fig. 5a). 

Further analysis of VEGF-induced neovasculariza- 
tion responses was carried out using ex vivo aortic 
ring assays. Wild-type and p3-null aortic rings were 
embedded in Matrigel in the presence or absence of 
serum or VEGF and the numbers of vascular sprouts 
per aortic ring over a period of 14 days in culture were assessed. 
In the absence of serum or VEGF, very little vessel outgrowth 
was detected in either wild-type or p3~null samples, whereas 
serum induced neovascularization to a similar extent in both. 
However, in the presence of VEGF, the total number of vessel 
sprouts was significantly higher for p3-null samples when com- 
pared with wild-type controls (P < 0.05) (Fig. 5b). 
Representative micrographs of vessels sprouting from aortic 
rings grown in the presence of VEGF are shown in Fig. 5c. 

Elevated VEGFR-2 levels in p 3 -null endothelial cells 

Since p3-null mice had elevated responses to VEGF, we tested 
whether the p3-null endothelial cells had elevated levels of 
VEGFR-2. Flow cytometric analysis showed that p3-null en- 
dothelial cells expressed significantly higher levels of surface 
VEGFR-2 than wild-type control endothelial cells (P < 0.014) 
(Fig. 6a) and densitometric analyses of western blots approxi- 
mately three-fold more total VEGFR-2 (Fig. 6b). In addition, 
tumor-derived endothelial cells from p^-null mice also had ele- 
vated levels of total VEGFR-2 (Fig. 66). Tumor-derived endothe- 
lial cells from wild-type and p3-null mice both had consistently 
elevated total VEGFR-2 levels when compared with lung-de- 
rived endothelial cells. Moreover, we showed that transduction 
of p 3 -null endothelial cells with human P3 integrin not only in- 
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duced p 3 expression in these cells, but also reduced the aber- 
rant levels of VEGFR-2 to wild-type levels (Fig. 6c), suggesting 
that p 3 integrin can regulate VEGFR-2 expression. 

Discussion 

Our. observations, that p 3 -null or p 3 /p 5 -null mice not only 
support tumor angiogenesis and tumor growth, but even 
exhibit augmented responses, were unexpected and call for a 
reconsideration of the functions of ot v integrins in angiogene- 
sis. 

The integrin receptors, ot v p 3 and a v p5« have been implicated 
in angiogenesis by their expression in vascular sprouts and by 
experiments blocking angiogenesis stimulated by growth fac- 
tors, by tumors"" 13 or in hypoxia-induced retinal angiogene- 
sis 16,19 . These data have been interpreted to suggest that 
antagonists of a v p 3 integrin inhibit angiogenesis by blocking 
its ligand-binding functions with consequences such as re- 
duced proliferation and migration and increased apoptosis of 
endothelial cells 11 " 18 . Thus oc v p 3 integrin has been thought to 
be essential for both developmental and pathological angio- 
genesis, and this has led to the generation of a v p 3 antagonists 
as potential anti-angiogenic therapeutics 21 . 

However, it is also known that mice lacking integrins 22 
and others deficient in p 3 or p 5 integrins 2425 , can support de- 
velopmental angiogenesis. What was not known thus far is 
whether the absence of these integrins has any impact on 
pathological angiogenesis. In contrast with the inhibitor 
data, our results show not only that neither (Xvp 3 nor a v p5 in- 
tegrin is required for such angiogenesis, but also that, in their 
absence, there is an increased angiogenic response. 
Furthermore, the enhanced angiogenic responses in the p 3 - 
null and p 3 /p 5 -null mice lead to enlarged tumors, again in 
marked contrast with the blocking data where a v p 3 antago- 
nists inhibit tumor growth. Our in vivo findings appear to be 
supported by recent in vitro observations that a v P 3 antago- 
nists enhance the differentiation of endothelial cells into 
tubes 28 . In order to generate vessels, endothelial cells need to 
proliferate, survive and migrate into avascular tissue. As dis- 
cussed above, these processes were previously thought to be 
dependent on a v p 3 integrin, but our data indicate that this is 
not the case. How can these discrepancies between the block- 
ing and genetic ablation data be explained? 

A first possibility is that genetic ablation underestimates 
the importance of ayp 3 and ovPs integrins because of some 
sort of compensatory response by other adhesion molecules. 
We failed to detect upregulation in levels or activities of other 
integrins including a v p 5 in p 3 -null endothelial cells. 
Additionally, p 3 /p 5 -null mice show the same enhanced tumor 
growth and angiogenesis as do p 3 -null mice. This indicates 
that ot v p 5 integrin is unlikely to compensate for the absence 
of ot v p3 integrin and that neither oc v p 3 nor ctvp 5 integrin are es- 
sential in angiogenesis. However, other mechanisms of com- 
pensation cannot be ruled out. 

A second possible explanation for the discrepancy is that • 
the blocking experiments may overestimate the contributions 
of oc v p 3 in angiogenesis. Assessment of the impact of known 
OvP 3 antagonists such as LM609 (ref. 17) in p 3 -null and wild- 
type mice would be of great interest. However, LM609 does 
not react with mouse otvp 3 and thus use of peptide antagonists 
may better address specificity of these reagents in future stud- 
ies. Cross-talk between OvP 3 and other integrins such as a 5 pj 
has been suggested to affect angiogenesis 10,25 . Trans-dominant 



inhibition of other integrins by interference with p 3 integrins 
has also been demonstrated 29 . In fact, cross-talk among inte- 
grins is a well established phenomenon 30 "". Based on these 
prior results, it is possible that the antibodies and low-molec- 
ular-weight antagonists of integrins, however specific they 
are, could be inhibiting other integrins, or even other 
functions, indirectly. Blocking and other experiments have 
highlighted the importance of 0C5, d] and 0.2 in angiogene- 

sis !O.I2-H.2i.34 anc J j t is c | ear t J lat anc J av p 5 flre nQt Qn |y 

integrins involved in angiogenesis. 

A third possible explanation could be an altered mecha- 
nism of angiogenesis in the p 3 -null mice. Recent data have in- 
dicated that in pathological angiogenesis, some endothelial 
cells in newly formed blood vessels can originate from bone 
marrow-derived stem cells 35 " 38 . The differences between a v p 3 
.blocking and genetic ablation results may relate to differ- 
ences in stem-cell mobilization. Notably, in a recent study of 
placental growth factor (PlGF)-deficient mice, developmental 
angiogenesis was normal, but loss of P1GF impaired patholog- 
ical angiogenesis. Here the differences were attributed to in- 
hibition of mobilization of bone marrow-derived endothelial 
cells in the PIGF-null mice 39 . While mobilization of bone mar- 
row could be enhanced in p 3 -null mice, such a possibility 
would not explain our ex vivo results and the precise mecha- 
nism would require further elucidation especially concerning 
the role of VEGFR-2. An alternative mechanism is that ab- 
sence of Oy integrins could compromise recruitment of leuko- 
cytes and that this in turn could allow faster tumor growth. 

Our observation that tumors are actually larger in mice 
lacking Ovp 3 or both a v p 3 and 0^5 integrins and that angio- 
genesis is actually enhanced in these mice suggest that, rather 
than being required for angiogenesis, these integrins might 
normally have a role in limiting angiogenesis in vivo. To cite 
one potential example, during the growth of new vessels, lig- 
ated and unligated integrins might provide positive and neg- 
ative signals for endothelial cell growth and/or survival, only 
allowing the formation of vessels in the presence of appropri- 
ate extracellular matrix ligands. Integrin antagonists could 
then mimic the unligated state and inhibit vessel growth. In 
this scenario, the absence of these integrins would result in a 
loss of the negative signals and could lead to enhanced angio- 
genesis, as we observed. 

Our observation of elevated levels of VEGFR-2 expression 
on p 3 -null endothelial ceils suggests one mechanism by 
which <Xvp 3 integrin could negatively regulate angiogenesis,. 
On the one hand, this could simply be some kind of angio- 
genic compensatory response to the absence of p 3 integrins; 
on the other hand, this result could reflect a mechanism nor- 
mally in play. Indeed, these two possibilities could represent 
two aspects of the same mechanism. Interactions between p 3 
integrins and VEGFR-2 have been reported 4041 . If a normal 
function of otvp 3 (and perhaps also 0^5) integrin were regula- 
tion of the VEGF/VEGFR-2 signaling pathway, then absence 
of otvp 3 could lead to its dysregulation. One possibility, 
among many that could be imagined, is that 0^3 normally 
acts as a negative regulator of VEGFR-2 expression and func- 
tion and ablation of a v p 3 causes upregulation of VEGFR-2 (as 
we observe). Inhibitors of ayp 3 could then act by causing dys- 
regulation of VEGFR-2. Although beyond the scope of this 
study, these results raise some important questions. For ex- 
ample, considering the primacy of VEGF/VEGFR-2 signaling 
in angiogenic processes, the true function of otvp 3 could be to 
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act as a regulatory balance between inducing and inhibiting 
angiogenesis. 

Here we present strong evidence that p 3 and p 3 /P5-null mice 
support and even show enhanced pathological angiogenic re- 
sponses and tumor growth. Although blocking studies have 
implicated a v p 3 and 0^5 as having major roles in neovascu- 
larization, our findings demonstrate that these integrins are 
not essential for this process. The efficacy of a v p 3 antagonists 
in angiogenesis inhibition is not in dispute here — such in- 
hibitors may yet prove to. be effective therapeutics. However, 
our data indicate that a more thorough understanding of the 
precise mechanisms of action of these inhibitors and of the 
roles of 0Cvp3 and 0^5 integrins in angiogenesis is required. 

Methods 

Antibodies. Antibodies against VEGFR-2, PECAM, VE-cadherin, a 5 inte- 
grin and biotinylated antibodies against P3 integrin were purchased 
from Pharmingen (Bedford, UK). Rabbit polyclonal antibodies against 
human P3 and P5 integrins were gifts from B. Coller and L. Reichardt, re- 
spectively. Rabbit polyclonal antibody against pi integrin was as de- 
scribed 42 . Antibody against a v integrin was either purchased from 
Chemicon (Harrow, UK) or for immunofluorescence was a gift from E. 
Ruoslahti. LM609 was purchased from Chemicon. Antibody against 
laminin-1 was purchased from Sigma (Poole, UK). Antibody against the 
heat-shock protein HSC-70 was purchased from Autogen Bioclear 
(Wiltshire, UK). Conjugated secondary antibodies were purchased from 
Biosource (Nivelles, Belgium). 

Extracellular matrix reagents. Fibronectin for cell culture was purchased 
from Sigma. Rat fibronectin for functional assays was purchased from 
Gibco BRL (Paisley, UK) and collagen, vitronectin, laminin-1 were obtained 
from Collaborative Biomedical Research (Bedford, Massachusetts). 

Mouse transplants. Age- and sex-matched control and integrin-deficient 
mice on a mixed genetic background (C57BL6/1 29Sv) were given single s.c. 
injections of either 1 x 10 s B16F0 or CMT19T cells and collected ten days 
after injection (/?= 9-12 mice per group). Rag2- and Rag2/integrin-deficient 
mice were given single s.c. injections of either 2 x 10 6 LS1 80 or A375SM cells 
and collected 3-5 wk after injections (n = 3-1 1 mice per group). 

Quantification of blood-vessel density. Blood-vessel density was quanti- 
fied by counting the total numbers of PECAMVIaminin-r blood vessels 
across whole sections of tumors {n = 3-6 per group). 

Primary lung endothelial-cell isolation. Wild-type and p 3 -null mouse 
lungs were minced, collagenase-digested (Gibco), strained and the re- 
sulting cell suspension plated on flasks coated with a mixture of 0.1% 
gelatin (Sigma), 10 mg/ml fibronectin (Sigma) and 30 ng/ml Vitrogen 
(Collaborative Biomedical Research). Endothelial cells were purified by a 
single negative (FCy-RII/lll antibody; Pharmingen) and two positive 
(ICAM-2; Pharmingen) cell sorts using anti-rat IgG-conjugated mag- 
netic beads (Dynal, Wiltshire, UK) producing a >97% pure population 
(J.C.L., unpublished data). 

Immunofluorescence staining. Subconfluent cultures of endothelial 
cells and frozen tissue sections were immunostained as described". 

Integrin-surface iodination and immunoprecipitation. These experi- 
ments were carried out as described 42,23 . 

Western blotting. Wild-type and p 3 -null endothelial cells were lysed 
using RIPA buffer, and 100 jig of protein from each lysate were im- 
munoprecipitated using the antibody VEGFR-2 followed by western- 
blot analysis also using an antibody against VEGFR-2 (ref. 40). 

Cell migration and adhesion assays. Cell migration 43 " and adhesion" 
assays were performed as described. 



Hypoxia-induced retinal angiogenesis. This assay was carried out as 
described 16 using wild-type and p3-null mice. 

In vivo Matrigel plug assay. This assay was carried out as described 44 in 
wild-type and p 3 -null mice. Using 200 ul of growth factor-reduced 
Matrigel (Becton Dickinson, Beds, UK) containing 60 units/ml of he- 
parin (Sigma), mixed with PBS or VEGF (60 ng/ml, R&D Systems, Oxon, 
UK). Blood-vessel infiltration in 7-day pellets was quantified by analysis 
of H&E-stained sections using a Zeiss Axioplan microscope. 

Aortic ring assay. Mouse aortic- ring assays were performed essentially 
as described 45 . 1-mm thoracic aortic rings were placed between 2 layers 
of 50 ul growth factor-reduced Matrigel supplemented with 20 U/ml 
heparin (Sigma), and overlaid with 100 ul of DMEM with or without 
VEGF (30 ng/ml). Microvessel outgrowth was visualized by phase mi- 
croscopy and the number of vessels growing from each aortic ring was 
counted every 2 d using a Zeiss Axioplan microscope. 
FACS analysis. Wild-type and p 3 -null endothelial cells were incubated 
with VEGFR-2 antibody followed by incubation with a FITC-conjugated 
secondary antibody. Ceils were then analyzed using a Becton Dickinson 
FACSCalibur flow cytometer. 

Isolation of endothelial cells from transplants. CMT19T tumors 
grown subcutaneously in wild-type and p 3 -null mice were collected 10 
days after injection. Single-cell suspensions were generated by mincing 
the tumors and digesting them twice for 30 min at 37 "C with a mixture 
of collagenases (Roche, Lewis, UK; and Gibco). Cell suspensions were 
stained with an antibody against VE-cadherin (1 u-g per 1 x 10 6 cells) fol- 
lowed by incubation with antibody against rat IgG-FITC. VE-cadherin* 
cells were sortedtusing a M0FI0 (Cytomation, Frieburg, Germany) FACS 
sorter resulting in a -90% pure population. 2 x 10 6 VE-cadherin positive 
endothelial cells were lysed in 200 \i\ RIPA buffer and used for VEGFR-2 
immunoprecipitation as described above. 

p3 transduction. The medium from a cell line (E86p3.1) producing 
ecotropic retrovirus (gift from J. Marshall) was used to infect endothelial 
cells with functional human p 3 integrin. After 48 h endothelial cells in- 
fected with the p3-integrin virus were selected from the non-infected 
cells by magnetic bead (Dynal) sorting using the antibody against 
human a v p 3 , LM609. Cells were lysed and VEGFR-2 was immunoprecip- 
itated followed by western-blot analysis as described. Experiments were 
repeated 3 times. 

Animal regulations. All animals were used in accord with United 
Kingdom Coordination Committee on Cancer Research guidelines and 
Home Office regulations. 
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